Infection from multidrug resistant bacteria has become a growing health concern worldwide, increasing the need for developing new antibacterial agents. Among the strategies that have been studied, biofilm inhibitors have acquired relevance as a potential source of drugs that could act as a complement for current and new antibacterial therapies. Based on the structure of 2-alkyl-3-hydroxy-4-quinolone and N-acylhomoserine lactone, molecules that act as mediators of quorum sensing and biofilm formation in Pseudomonas aeruginosa, we designed, prepared, and evaluated the biofilm inhibition properties of long chain amide derivatives of 2-amino-4-quinolone in Staphylococcus aureus and P. aeruginosa. All compounds had higher biofilm inhibition activity in P. aeruginosa than in S. aureus. Particularly, compounds with an alkyl chain of 12 carbons exhibited the highest inhibition of biofilm formation. Docking scores and molecular dynamics simulations of the complexes of the tested compounds within the active sites of proteins related to quorum sensing had good correlation with the experimental results, suggesting the diminution of biofilm formation induced by these compounds could be related to the inhibition of these proteins.
Introduction
One of the major health issues is the emergence of multidrug resistant (MDR) bacterial strains. Infection and contamination from MDR bacteria could compromise major surgeries and can be life-threating to children and elderly or immunocompromised persons, increasing the risk of complications and treatment costs. This situation creates a need to intensify the efforts directed at the development of new antibacterial agents with different approaches distinct from current therapies. The study of the intercellular communication systems in bacteria, known as quorum sensing (QS) systems, has emerged as an attractive biotarget for the development of new antibacterials [1, 2] . QS is a cell density-dependent chemical signaling process that regulates several changes in gene expression, which lead to phenotypes, including bioluminescence, plasmid transfer, synthesis of expression, which lead to phenotypes, including bioluminescence, plasmid transfer, synthesis of secondary metabolites, and biofilm formation [3] . The latter plays an important role in animal and human infections and food contamination, as well as in the implant of medical devices [1, 4] . A biofilm is defined as a bacterial community that fixes and grows on surfaces through a polysaccharide matrix [5, 6] . It has been reported that between 65-80% of infectious diseases are linked to bacterial communities whose proliferation is related to biofilms and that they are more resistant to host defense mechanisms and antimicrobials by approximately 10-1000-fold compared to nonbiofilm forming cultures [7] [8] [9] . Thus, the disruption of biofilm formation by quorum-sensing inhibitors (QSIs) represents an attractive option for the development of drugs that act as a complement for current and new therapies, as it has been reported that QSIs increase the susceptibility of bacteria to the action of antimicrobials [1, 10, 11] .
QS is mediated by several signaling molecules (Figure 1 ), such as oligopeptides (like AIP-1, generally in Gram-positive bacteria), N-acyl homoserine lactones (AHLs, most common in Gramnegative bacteria), furanosyl borate (like AI-2, used by S. typhimurium), long chain acid esters, and 2-alkyl-3-hydroxy-4-quinolone in Pseudonomas aeruginosa, known as Pseudomonas quinoline signaling (PQS) system [12, 13] . The biosynthesis of PQS is mediated by several proteins. In this pathway, anthranilic acid is activated by PqsA, while PqsB, PqsC, and PqsD mediate the conversion to 2-heptyl-4-quinolone (known as HHQ), which is converted into PQS by the participation of PqsH [14] . The transcription of the latter is controlled by LasR, which is one of the major regulators of the virulence factors of P. aeruginosa. Thus, inhibition of some of the proteins that participate in this pathway would have an impact on the biofilm formation of Pseudomonas. In fact, PqsD and LasR have been evaluated and validated as anti-biofilm targets [15] [16] [17] [18] [19] [20] . Some structural requirements have been proposed for the design of biofilm formation inhibitors, which are based primarily on the structure of AHL. It has been proposed that biofilm inhibitors should include a hydrophilic group with hydrogen bond donor (HBD) atoms and a lipophilic alkyl chain ( Figure 2 ). Among the hydrophilic heterocyclic templates that have been studied for the design of biofilm inhibitors [21] , some quinolones are described to possess high bioactivity [22] [23] [24] [25] [26] [27] . We have previously reported a direct route for the synthesis of 2-amino-4-quinolone (compound 1, Figure 2 ) and 2,3-diamino-4-quinoline (compound 2) as key synthons for the preparation of tricyclic compounds [28] . The obvious structural similarity of compounds 1 and 2 with quinolones from the PQS system prompted us to determine if the long chain amide derivatives of 1 and 2 could interfere with bacterial biofilm formation in P. aeruginosa. Synthesis, in vitro evaluation of biofilm inhibition, and in silico studies are presented. Some structural requirements have been proposed for the design of biofilm formation inhibitors, which are based primarily on the structure of AHL. It has been proposed that biofilm inhibitors should include a hydrophilic group with hydrogen bond donor (HBD) atoms and a lipophilic alkyl chain ( Figure 2 ). Among the hydrophilic heterocyclic templates that have been studied for the design of biofilm inhibitors [21] , some quinolones are described to possess high bioactivity [22] [23] [24] [25] [26] [27] . We have previously reported a direct route for the synthesis of 2-amino-4-quinolone (compound 1, Figure 2 ) and 2,3-diamino-4-quinoline (compound 2) as key synthons for the preparation of tricyclic compounds [28] . The obvious structural similarity of compounds 1 and 2 with quinolones from the PQS system prompted us to determine if the long chain amide derivatives of 1 and 2 could interfere with bacterial biofilm formation in P. aeruginosa. Synthesis, in vitro evaluation of biofilm inhibition, and in silico studies are presented. 
Results

Chemistry
Scheme 1 describes the synthetic route for the preparation of the target compounds. The 2-amino-4-quinolone derivatives 1 and 2 were prepared from isatoic anhydride as previously reported [28] . Acylation of 1 and 2 was easily performed from commercially available acid chlorides in pyridine at 0 °C in relatively good yields (70-85%). Variation of these conditions resulted in formation of subproducts (presumably diacylated compounds) or no reaction at all. Scheme 1. Synthetic route for the preparation of target compounds, 3a-i and 4a-i.
Acylation of the 3-amino group in compound 2 was expected as it seems to be the most reactive group. Selective incorporation of the acyl groups was confirmed by analysis of NMR spectra of compounds 1, 2 and 4a. The signal of the protons of 2-amino group in compound 1 appears as a simple signal that integrates for two protons at 6.18 ppm, while in compound 2, the signal for the protons of the amino group in position 2 appears at 5.99 ppm. For the compounds 4a-i, a signal that integrates for two protons appears between 5.98 and 6.14 ppm, which allowed us to suppose that the acylation occurred in position 3. Further evidence came from 1D NOE experiments, where the 
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Scheme 1 describes the synthetic route for the preparation of the target compounds. The 2-amino-4-quinolone derivatives 1 and 2 were prepared from isatoic anhydride as previously reported [28] . Acylation of 1 and 2 was easily performed from commercially available acid chlorides in pyridine at 0 • C in relatively good yields (70-85%). Variation of these conditions resulted in formation of subproducts (presumably diacylated compounds) or no reaction at all. General structural requirements for biofilm inhibitors based on AHL and quinolone derivatives proposed as QSIs.
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Acylation of the 3-amino group in compound 2 was expected as it seems to be the most reactive group. Selective incorporation of the acyl groups was confirmed by analysis of NMR spectra of compounds 1, 2 and 4a. The signal of the protons of 2-amino group in compound 1 appears as a simple signal that integrates for two protons at 6.18 ppm, while in compound 2, the signal for the protons of the amino group in position 2 appears at 5.99 ppm. For the compounds 4a-i, a signal that integrates for two protons appears between 5.98 and 6.14 ppm, which allowed us to suppose that the acylation occurred in position 3. Further evidence came from 1D NOE experiments, where the Scheme 1. Synthetic route for the preparation of target compounds, 3a-i and 4a-i.
Acylation of the 3-amino group in compound 2 was expected as it seems to be the most reactive group. Selective incorporation of the acyl groups was confirmed by analysis of NMR spectra of compounds 1, 2 and 4a. The signal of the protons of 2-amino group in compound 1 appears as a simple signal that integrates for two protons at 6.18 ppm, while in compound 2, the signal for the protons of the amino group in position 2 appears at 5.99 ppm. For the compounds 4a-i, a signal that integrates for two protons appears between 5.98 and 6.14 ppm, which allowed us to suppose that the acylation occurred in position 3. Further evidence came from 1D NOE experiments, where the selective irradiation of the protons of the 2-amino group at δ 5.98 ppm in compound 4a yielded NOEs on the proton of the 3-amide group (δ 11.06 ppm) and the proton bound to the heterocyclic nitrogen atom (δ 8.42 ppm). Additional evidence was provided by the presence of the long-range correlation between the 2-amino group protons and the heterocyclic nitrogen atom in the 1 H-15 N long-range HMQC spectra. Figure 3 Table 1 shows the results of biofilm inhibition studies of compounds 3a-i and 4a-i at 20 M. Results obtained at higher concentrations were considered not reliable due to the poor solubility of the compounds. It is interesting to note that none of the compounds affected bacteria growth, indicating that the decrease of the biofilm formation is not related to bacteriostatic or bactericide activities. An ANOVA analysis using Dunnett's multiple comparison test showed that compounds with an alkyl chain with 12 carbon atoms or more were the most active and exhibited higher biofilm inhibition activity than tannic acid, which was used as the control [29] (BIC50 = 38.4 µM, BIC50 = concentration of compound required to reduce biofilm formation to 50%). Compounds 3g and 4g also decreased the synthesis of pyocyanin to 68.2% and 62.6% compared to the control, respectively. Values of the percentage efficiency index (PEI), which are derived from the measure of percentage inhibition at a specific concentration divided by the molecular weight [30] , are also shown in Table 1 . Figure 4 shows the plot of the biofilm inhibition percentage against the alkyl chain length. Table 1 shows the results of biofilm inhibition studies of compounds 3a-i and 4a-i at 20 M. Results obtained at higher concentrations were considered not reliable due to the poor solubility of the compounds. It is interesting to note that none of the compounds affected bacteria growth, indicating that the decrease of the biofilm formation is not related to bacteriostatic or bactericide activities. An ANOVA analysis using Dunnett's multiple comparison test showed that compounds with an alkyl chain with 12 carbon atoms or more were the most active and exhibited higher biofilm inhibition activity than tannic acid, which was used as the control [29] (BIC 50 = 38.4 µM, BIC 50 = concentration of compound required to reduce biofilm formation to 50%). Compounds 3g and 4g also decreased the synthesis of pyocyanin to 68.2% and 62.6% compared to the control, respectively. Values of the percentage efficiency index (PEI), which are derived from the measure of percentage inhibition at a specific concentration divided by the molecular weight [30] , are also shown in Table 1 . Figure 4 shows the plot of the biofilm inhibition percentage against the alkyl chain length. Table 2 show the docking scores (MolDock score, lower values are related with higher affinity) obtained during the in silico studies carried out on the LasR and PqsD active sites. Interestingly, MolDock scores had good correlation with biofilm inhibition activity as shown in Figure 5 . The values of logP were computed using ChemSketch from ACD/Labs [31] and are also shown in Table 2   Table 2 . Docking scores and clogP values calculated for compounds 3a-i and 4a-i. decreased the synthesis of pyocyanin to 68.2% and 62.6% compared to the control, respectively. Values of the percentage efficiency index (PEI), which are derived from the measure of percentage inhibition at a specific concentration divided by the molecular weight [30] , are also shown in Table 1 . Figure 4 shows the plot of the biofilm inhibition percentage against the alkyl chain length. BI (%) = percentage of biofilm inhibition in comparison to the control, S.a = S.aureus, P.a. = P.aeruginosa, percentage efficiency index. Table 2 show the docking scores (MolDock score, lower values are related with higher affinity) obtained during the in silico studies carried out on the LasR and PqsD active sites. Interestingly, MolDock scores had good correlation with biofilm inhibition activity as shown in Figure 5 . The values of logP were computed using ChemSketch from ACD/Labs [31] and are also shown in Table 2 
Biofilm Inhibition
Molecular Docking Studies
Molecular Dynamics Simulations
Molecular dynamics (MD) simulations were carried out to evaluate if the length of the alkyl chain affects the stability of the complexes. Three main parameters were analyzed, the root-median square deviation (RMSD), root-median square fluctuation (RMSF), and the ligand-protein binding energy. The set of Figure 6a ,b shows the RMSD and RMSF around Loop 3 of LasR plots of the complexes of 4a, 4g and 4i with LasR, while the set of Figure 7a ,b shows the same plots of the complexes of those compounds with PqsD. Table 3 shows the ligand binding energy (LBE) values computed using MM-PBSA approximation. Using these LBE values, an in silico group efficiency (GE) [32, 33] was calculated using the following formula:
where HA is the heavy atom (non-hydrogen) count.
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where HA is the heavy atom (non-hydrogen) count. RMSF of residues along dimer interface (residues 180-240) plots generated from data from MD simulations of complexes of 4a, 4g, and 4i with PqsD.
Discussion
Most of the tested compounds reduced biofilm formation. Table 1 shows the results of biofilm inhibition studies of compounds 3a-i and 4a-i at 20 M. In general, the tested compounds were more active against biofilm formation in P. aeruginosa than in S. aureus. The most active compounds were those with an alkyl chain of more than 12 carbon atoms (compounds 3g-i and 4g-i). This observation coincides with previous reports of biofilm inhibition activities of aminoquinolines, 4-(alkyloxy)-6-methyl-2H-pyran-2-one, and aniline derivatives, in which the compounds with an alkyl chain of 12 carbon atoms were the most active [27, 34, 35] , suggesting that alkyl chain length is important for optimal biofilm inhibition. Compounds 3g and 4g also decreased the formation of pyocyanin to 68.2% and 62.6% compared to the control, respectively. These findings suggest that these compounds could affect the mechanisms related to virulence of P. aeruginosa, including QS.
Derivatives of series 4 were slightly more active than their corresponding analogues of series 3, but with no significant difference (p = 0.44), indicating that the length of alkyl chain is the most important structural factor for biofilm inhibition. One way to evaluate the effect of the increase of the molecular weight (or in our case, the increase in the number of carbons of the alkyl chain) is the measurement of ligand efficiency. We calculated the percentage efficiency index (PEI), which is derived from the measure of percentage inhibition at a specific concentration. Compounds with PEI values higher than 1.5 have a good proportion of potency per molecular weight and are attractive as leads [30] . The PEI values of compounds of series 3 and 4 are shown in Table 2 . Compound 4g exhibited the highest value (1.72) among all the tested compounds, suggesting that it is the most promising molecule in the set. Other parameters of ligand efficiency, like lipophilic ligand efficiency (LLE = pIC50 − logP, [36] ), could be applied. However, low solubility of most active compounds made the construction of a reliable dose-response curve to calculate the BIC50 difficult. This experimental difficulty reveals that low solubility and high logP values (shown in Table 2 ) are physicochemical factors to consider for the improvement of the bioactivity of this class of compounds.
The plot of the percentage of biofilm decrease vs the alkyl length suggests a quadratic relationship between these parameters as shown in Figure 4 . A parabolic model correlates the number of carbons in the alkyl chain and biofilm inhibition: y = −0.2704x 2 + 7.2998x + 6.3152, r 2 = 0.9232, where x is the number of carbons in the aliphatic chain and y is the biofilm reduction percentage. Parabolic models in QSAR equations are sometimes related to the influence of logP in membrane permeability, which would be a very important aspect to take in consideration due the presence of a double membrane in P. aeruginosa and the hydrophobic nature of the tested compounds. However, only a modest correlation was found between biofilm reduction and clogP using parabolic (r 2 = 0.61) or linear models. We speculated if the positioning of the alkyl chain within the binding site with proteins of QS signaling system could explain the experimental results better. Among the proteins related to 
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difficulty reveals that low solubility and high logP values (shown in Table 2 ) are physicochemical factors to consider for the improvement of the bioactivity of this class of compounds.
The plot of the percentage of biofilm decrease vs the alkyl length suggests a quadratic relationship between these parameters as shown in Figure 4 . A parabolic model correlates the number of carbons in the alkyl chain and biofilm inhibition: y = −0.2704x 2 + 7.2998x + 6.3152, r 2 = 0.9232, where x is the number of carbons in the aliphatic chain and y is the biofilm reduction percentage. Parabolic models in QSAR equations are sometimes related to the influence of logP in membrane permeability, which would be a very important aspect to take in consideration due the presence of a double membrane in P. aeruginosa and the hydrophobic nature of the tested compounds. However, only a modest correlation was found between biofilm reduction and clogP using parabolic (r 2 = 0.61) or linear models. We speculated if the positioning of the alkyl chain within the binding site with proteins of QS signaling system could explain the experimental results better. Among the proteins related to the biofilm formation and other virulence factors, we selected LasR and PqsD as potential targets. LasR is one the major regulators of the quorum sensing signaling systems that controls virulence factors and biofilm formation in P. aeruginosa, while PqsD is an enzyme needed for biosynthesis of the signaling molecule PQS. Figure 5 and Table 2 show the relationship between the docking scores results with biofilm inhibition activity in P. aeruginosa. The biofilm inhibition percentage had a good correlation with docking scores calculated during the studies with LasR and PqsD. Analysis of the PDB structure of the complex of AHL within the active site of LasR shows that the hydrophilic lactone moiety forms hydrogen bonds with Trp60 and the amide group forms hydrogen bonds with Tyr56, Asp73, and Ser129, while the 12-carbon chain is accommodated inside a hydrophobic pocket (see Figure S1 in the Supplemental Information). A closer observation of the interaction of the alkyl chain within this pocket shows that residues Gly38, Leu39, and Ala40 form a curve that obliges the aliphatic chain of AHL to make a turn [37] . This turn is significant, as it is the beginning of Loop 3 of LasR and it has been recently reported that the dynamics of Loop 3 (formed by residues between Leu40 and Phe51) are relevant to establish whether a ligand could act as an agonist or antagonist of LasR [38] . Figure 8 shows the docking pose obtained for compound 4g within the active site of LasR. As expected, the heterocycle occupies almost the same site as the lactone ring of AHL. This occurs for the rest of the compounds of series 3 and 4. The carbonyl groups of the quinolone and the amide form hydrogen bonds with Tyr64 (Arg61 in case of compounds of series 3), Thr75, Thr115, and Ser129. The aliphatic chain of 4g also "makes a turn" close to Leu39 and Ala40 just as AHL. The filling of this hydrophobic pocket in the same mode as AHL is probably important for LasR inhibition as compounds with shorter alkyl chains are less active while compounds with longer chains have torsional strains that make the formation of the complex inside the pocket more difficult.
MD simulations could help to understand and evaluate whether the length of the alkyl chain affects the stability of the complexes. Three main parameters were analyzed, RMSD, RMSF, and the ligand-protein binding energy. Figure 6a shows the RMSD plot of the complexes of 4a, 4g, and 4i with LasR. A smaller value of RMSD indicates higher protein stability. All three complexes exhibited low RMSD variations after 5 ns of simulation, with values lower than 2.8 Å, suggesting that the three complexes are stable. Figure 6b shows the RMSF profile around residues that conform to Loop 3. Around this region, the RMSF values were higher than in the rest of the protein for the five structures analyzed (unbound LasR, LasR-AHL, LasR-4a, LasR-4g, and LasR-4i). Loop 3 exhibited higher flexibility in the absence of any ligands and in the complex with 4a compared with complexes with AHL, 4g, and 4i, particularly around residues 42 to 48, suggesting that the length of the alkyl chain has an important effect on Loop 3. Table 3 shows the ligand binding energy. Interestingly, compound 4a with the shortest alkyl chain had the better binding, even better than the natural agonist AHL. Compound 4g and AHL had similar LBE (2.01 KJ/mol and 3.29 KJ/mol), but 4i had significantly lower LBE, indicating that an increase of the alkyl chain above 12 carbons decreases the efficiency of binding to LasR. It should be noted that with the algorithm implemented in YASARA, the more positive the MM-PBSA binding energy, the better the binding of the ligand.
are relevant to establish whether a ligand could act as an agonist or antagonist of LasR [38] . Figure 8 shows the docking pose obtained for compound 4g within the active site of LasR. As expected, the heterocycle occupies almost the same site as the lactone ring of AHL. This occurs for the rest of the compounds of series 3 and 4. The carbonyl groups of the quinolone and the amide form hydrogen bonds with Tyr64 (Arg61 in case of compounds of series 3), Thr75, Thr115, and Ser129. The aliphatic chain of 4g also "makes a turn" close to Leu39 and Ala40 just as AHL. The filling of this hydrophobic pocket in the same mode as AHL is probably important for LasR inhibition as compounds with shorter alkyl chains are less active while compounds with longer chains have torsional strains that make the formation of the complex inside the pocket more difficult. MD simulations could help to understand and evaluate whether the length of the alkyl chain affects the stability of the complexes. Three main parameters were analyzed, RMSD, RMSF, and the ligand-protein binding energy. Figure 6a shows the RMSD plot of the complexes of 4a, 4g, and 4i with LasR. A smaller value of RMSD indicates higher protein stability. All three complexes exhibited low RMSD variations after 5 ns of simulation, with values lower than 2.8 Å, suggesting that the three complexes are stable. Figure 6b shows the RMSF profile around residues that conform to Loop 3. Around this region, the RMSF values were higher than in the rest of the protein for the five structures analyzed (unbound LasR, LasR-AHL, LasR-4a, LasR-4g, and LasR-4i). Loop 3 exhibited higher flexibility in the absence of any ligands and in the complex with 4a compared with complexes with AHL, 4g, and 4i, particularly around residues 42 to 48, suggesting that the length of the alkyl chain has an important effect on Loop 3. Table 3 shows the ligand binding energy. Interestingly, compound 4a with the shortest alkyl chain had the better binding, even better than the natural agonist AHL. Compound 4g and AHL had similar LBE (2.01 KJ/mol and 3.29 KJ/mol), but 4i had significantly lower LBE, indicating that an increase of the alkyl chain above 12 carbons decreases the efficiency of binding to LasR. It should be noted that with the algorithm implemented in YASARA, the more positive the MM-PBSA binding energy, the better the binding of the ligand.
Analysis of the available structures of PqsD in the complex with some anthranilate derivatives shows that residues Cys112 and Ser317 are important to bind the anthranilate nucleus. Moreover, as part of the proposed mechanism for PqsD, two important "tunnels" have been proposed, one for CoA binding (shown in green in Figure 9 ) and the other for the β-ketodecanoate (shown in yellow in Figure 9 ), with kinetics and SPR experiments suggesting a ping-pong mechanism and Acetyl CoA being the first substrate to enter [39, 40] . In this mechanism, Ser317 plays a key role, as it is important not only for the binding of the anthranilate ring, but also for binding to the CoA and β-ketodecanoate chains through hydrogen bonding [40] . The docking pose of 4g within the active site of PqsD shows Analysis of the available structures of PqsD in the complex with some anthranilate derivatives shows that residues Cys112 and Ser317 are important to bind the anthranilate nucleus. Moreover, as part of the proposed mechanism for PqsD, two important "tunnels" have been proposed, one for CoA binding (shown in green in Figure 9 ) and the other for the β-ketodecanoate (shown in yellow in Figure 9 ), with kinetics and SPR experiments suggesting a ping-pong mechanism and Acetyl CoA being the first substrate to enter [39, 40] . In this mechanism, Ser317 plays a key role, as it is important not only for the binding of the anthranilate ring, but also for binding to the CoA and β-ketodecanoate chains through hydrogen bonding [40] . The docking pose of 4g within the active site of PqsD shows that the heterocyclic nucleus interacts with Cys112 and Ser317 through the amine group in position 2 and the amide group of position 3 (see Figure S2 in the Supplemental Information), possibly limiting the access of anthranilate to its binding site. All compounds share similar interaction patterns. To study the effect of the alkyl chain in the stability of the complexes of the tested compounds with PqsD and variations of distance to Ser317 along time, MD simulation of the complexes of 4a, 4g, and 4i were carried out in a similar fashion as those of carried out with LasR. Figure 7a shows the RMSD plot of the complexes of 4a, 4g, and 4i with LasR. From these plots it can be concluded that the three complexes are stable, with minor variations in RMSD. Figure 7b shows the residue RMSF plot. The major variations were observed in the region between residues 195 to 213, which correspond to the hairpin loop of the dimer interface, which coincides with previous studies [40] . Flexibility around this region is increased by the presence of ligands 4g and 4i, but decreased by the presence of 4a, thus it could suggest that in addition to blocking the entrance of anthranilate, this class of To study the effect of the alkyl chain in the stability of the complexes of the tested compounds with PqsD and variations of distance to Ser317 along time, MD simulation of the complexes of 4a, 4g, and 4i were carried out in a similar fashion as those of carried out with LasR. Figure 7a shows the RMSD plot of the complexes of 4a, 4g, and 4i with LasR. From these plots it can be concluded that the three complexes are stable, with minor variations in RMSD. Figure 7b shows the residue RMSF plot. The major variations were observed in the region between residues 195 to 213, which correspond to the hairpin loop of the dimer interface, which coincides with previous studies [40] . Flexibility around this region is increased by the presence of ligands 4g and 4i, but decreased by the presence of 4a, thus it could suggest that in addition to blocking the entrance of anthranilate, this class of compounds could interfere in the formation of the dimer of PqsD. Results of the calculation of the ligand binding energy are shown in Table 3 . Compounds 4g and 4i clearly exhibit better theoretical binding than 4a, indicating that inhibition of PqsD is probably a good candidate for the mechanism of action of this class of compounds.
Additionally, group efficiency (GE) was introduced as a metric to evaluate the impact of an added moiety, with higher values indicating a higher potential for development. The values of in silico GE (Table 2) , derived from LBE values, suggest that a length of 12 carbon atoms in the alkyl chain has a higher impact than the elongation to 16 atoms. This data suggests that a length of 12 carbon atoms is optimal for biofilm inhibition, and structural modification that leads to compounds with better bioactivity profile should be pursued in the heterocyclic template.
Materials and Methods
Chemistry
All reagents were purchased from Sigma-Aldrich and used without further purification. TLC analysis was carried out using silica gel 60 on aluminum foil from Sigma-Aldrich (St. Louis, MO, USA). Melting points were determined on a Fisher-Johns apparatus and are uncorrected. The IR spectra were obtained with a Perkin-Elmer FT IR-670 Plus spectrophotometer in KBr disk. NMR spectra were recorded at room temperature using a Bruker 400 Avance Nanobay (B 0 = 9.4 T) or a Jeol ECA-500 (B 0 = 11.7 T), both spectrometers equipped with a 5-mm multinuclear and pulse field gradient probe. The samples were determined in DMSO-d 6 solution. 1 H-NMR spectra were recorded at 399.7832 MHz and 500.1599 MHz, respectively (spectra width 15 ppm, acquisition time~2.8 s, pulse width 45 • , 16 scans, and recycle delay of 1 s). 13 C-NMR spectra were recorded at 75.47 MHz or a 125 MHz (spectral with 250 ppm, acquisition time >0.83 s, equivalent 30 • pulse duration, scans 3000, and recycle delay of 0.1 s). The following abbreviations are used: s, singlet; br, broad signal; d, doublet; dd, doublet of doublet; t, triplet; m, multiplet. The FAB-MS analyses were obtained on a JEOL Sx102 mass spectrometer. Elemental analyses were performed in a Perkin-Elmer 2400 Series II instrument.
A typical procedure preparation was as follows: 0.12 mmol of the corresponding acid chloride was added to 3 mL of dry pyridine at 0 • C, then 0.1 mmol of the compound 1 or 2 was added, a yellowish suspension was formed, and the mixture was stirred at room temperature overnight. At the end of reaction time, a white precipitate was formed, which was filtered off in vacuum and washed with cold water and cold ethanol to give the target compounds as white solids. 
Evaluation of Biofilm Inhibition
Biofilm inhibition studies were carried out on Staphylococcus aureus (ATCC 33862) and Pseudomonas aeruginosa (ATCC 10145), which have been characterized as biofilm forming strains [41, 42] using a previously reported method [43, 44] and tannic acid as the known biofilm inhibitorv [29] . Briefly, preinoculums of the bacteria strains were grown in trypticase soy broth (TSB) overnight. Then, 5 mL of cultured broth was diluted with sterile TSB to an optical density of 0.1 at 600 nm, and 200 µL of this mixture was transferred to a well of a flat-bottomed polystyrene 96-well microplate (Costar 3370). 10 µL of a stock solution of the test compound dissolved in DMSO was added and mixed into the well to give the desired final concentration of compound per well. All compounds were tested in triplicate at concentrations of 20, 100, and 250 µM. Wells with only cultured TSB and sterile TSB and 10 µL of DMSO were included as positive and negative controls, respectively. Microplates were incubated for 24 h at 37 • C. Growth inhibition was determined by measuring the OD 600 of compound-treated wells and control wells in a Biotek Epoch TM absorbance microplate reader (BioTek Instruments, Inc., Winooski, VT). Liquid culture was discarded, and non-adherent bacteria were removed by washing 3 times with distilled water. Remnant biofilm was fixed with methanol and was stained with 200 µL of crystal violet (CV) at 0.1% in water for 10 min, excess CV was removed, and wells were washed again 3 times with distilled water. 100 µL of DMSO was added to dissolve CV and absorbance was quantified at 620 nm. Biofilm inhibition was determined by comparison of the absorbance of compound-treated wells to the absorbance of untreated wells as follows:
where A control is the absorbance of untreated wells and A treated is the absorbance of compound-treated wells.
Inhibition of Pyocyanin Formation
The effect of compounds 3g and 4g on pyocyanin biosynthesis was evaluated using a previously reported methodology in triplicate [45] . Briefly, preinoculums of the bacteria strains were added to 50 mL of sterile TSB to an optical density at 600 nm (OD 600 ) of 0.1. To 6 mL of this last suspension, 100 µL of a solution of 3i or 4g in dissolved DMSO was added to obtain a final concentration of 20 µM of the tested compound, which was incubated for 24 hrs. Cultured broth without 3g or 4g was used as the control. After incubation, 2 mL of chloroform was added, and the mixture was centrifuged (5000 g for 5 min). The bluish bottom layer was transferred to a new tube and 1.5 mL of 0.2 M HCl was added. The aqueous layer was separated and the absorbance at 520 µm was determined using 0.2 M HCl as the blank. The A 520 of the untreated cultured broth was set to be 100% of the pyocyanin formation.
Molecular Docking
The structures of compounds 3a-i and 4a-i were constructed using ChemSketch (Advanced Chemistry Development, Inc., Toronto, ON, Canada) [31] and their geometry optimized using Spartan '10 [46] using MMFF//HF 6-31 G*. The docking studies were carried out using the crystal structures of PqsD (PDB code: 3H78 [39] ) and LasR (PDB code: 2UV0 [37] ) from P. aeruginosa. In the case of PqsD, the 3H78 structure is a complex of anthranilic acid with a C112A mutation of PqsD, then the alanine residue was changed to original cysteine using the mutation protocol included as part of Molegro Virtual Docker v.6.0.1 (Qiagen Bioinformatics, Aarhus, Denmark) [47, 48] , which interchanges the residues and performs an energy minimization to consider the potential changes induced by the amino acid mutation. Protein structures were retrieved from the Protein Data Bank [49] . All water molecules and cocrystallized ligands were removed from the downloaded structures. Docking studies were carried out in Molegro Virtual Docker v.6.0.1 (Qiagen Bioinformatics, Aarhus, Denmark) using the standard protocol referred by the fabricant. Active sites of each protein were selected as the searching sites and delimited in a 15 Å sphere. The assignments of charges on each protein and the analyzed ligands were based on standard templates as part of the program. MolDock Optimizer was selected as a searching algorithm with 50 runs and Moldock score as the scoring scheme. The poses with the lowest score (higher theoretical affinity) of each compound were selected for further analysis. To evaluate the efficacy of this procedure, the cocrystallized ligand in LasR was also included in the docking study of its respective receptor; the RMSD of the pose of the lowest energy was lower than 2 Å.
Molecular Dynamics Simulations
The docking poses of 4a, 4g, and 4i with both PqsD and LasR were further analyzed using molecular dynamics (MD) to analyze the stability and conformational changes of the predicted complexes. The MD simulations were run using YASARA v.18.4.24 [50, 51] using the AMBER 14 force field [52] . The initial structures were taken from the poses with the lowest docking score of each complex and were placed in a cell box that had an extension of 10 Å larger on each side of the protein and was filed with water molecules. Periodic boundary conditions were applied. The temperature was set at 298 K, water density to 0.997 g/cm 3 , and pH to a value of 7.4. Sodium (Na + ) and chlorine (Cl − ) ions were included to provide conditions that simulate a physiological solution (NaCl 0.9%). The cutoff for van der Waals interactions was 8 Å and the Particle Mesh Ewald algorithm was applied to evaluate long range electrostatic interactions. A multiple step of 2.5 fs was set, and data were collected per 100 ps to a final simulation time of 40 ns. The results were analyzed with a script included as part of the YASARA software and included the root mean square deviation (RMSD), root mean square fluctuations (RMSF), and ligand binding energy variations (using MM-PBSA calculations) along the simulation time.
Conclusions
In conclusion, we prepared some long chain amide derivatives of 2-amino-4-quinolone and 2,3-diamino-4-quinolone that inhibited biofilm formation in P. aeruginosa. The activity increased with the number of carbons present in the aliphatic chain, the compounds with 12 carbon atoms being the most active. This could be explained in terms of the potential affinity to LasR and PqsD as suggested from molecular docking and MD simulations. Compound 4g is an attractive new starting point for the development of QSIs, however, solubility issues are a concern. Additional in vitro experiments to validate our hypothesis and the design of more soluble derivatives are currently underway in our research group. 
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